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Tnermodynamic. Properties of Coolant Fluids and Particle

Seeds for Gaseous Nuclear Rockets

SUMMARY

Thermodynamic properties and equilibrium chemical composition were calculated
for various materials which could serve as moderator coolants or as particle seeds
designed to control radiant heat transfer 1n gaseous nuclear rocket engines. The
materials which were considered as moderator coolants were hydrogen, methane, water,
ammonia, deuterium, heavy water, and helium. Materials which were considered as
possible particle seeds were several elemental species which have high boiling
points, such as graphite, tungsten, and molybdenum, and the oxides, carbides, nitrides,
and borides of titanium and zirconium.

The results of the calculations indicate that the use of graphite as a seed
material is impractical because graphite reacts readily with hydrogen, and, consequently,
excessive quantities of graphite must be added to the hydrogen stream in order to
maintain even very small concentrations of seed particles at high temperatures.

Also, the limited thermodynamic data currently available indicate that no signifi-
cant increase in particle vaporization temperature would result from using oxides,
carbides, nitrides, or borides of such high-melting-point metals as titanium and
zirconium as seeds in place of the metals themselves.

INTRODUCTION

As part of the investigation of gaseous nuclear rocket technology conducted
under Contract NASw-84T, analytical studies were undertaken to investigate the
problem of cooling the moderator walls of a gaseous nuclear rocket and to determine
the characteristics of seed materials which might be employed in controlling
radiant heat transfer to the walls of such a rocket. Since the results of these
studies depend on the thermodynamic properties of the materials considered, it was
essential that these properties be determined for those conditions of pressure and
temperature which are expected to exist in gaseous nuclear rocket engines. Because
cf the high temperatures which are expected to exist in such an engine, it was
necessary that these calculations include the effects of dissociation. The cal-



culations were therefore performed using computational techniques described in Refs.
1 and 2 which have been developed for determining the effect of temperature and
pressure on the equilibrium composition and thermodynamic properties of the products
of reaction for various chemical systems.

DISCUSSION

Properties of Moderator Coolant Fluids

An investigation was conducted to determine the properties of various fluids
which might be required in the moderator cooling study described in Ref. 3. The
first step in this investigation was to assemble pertinent properties influencing
heat transfer for each candidate coolant fluid at a pressure of 1000 atm and a
temperature of 4OOO R. The data were either obtained from the literature or estimated
from various information avallable in the literature. Data for hydrogen, water,
helium, methane, and ammonia at a pressure of 1 atm were obtalned directly from
Ref. 4. Properties of deuterium and heavy water at a pressure of 1 atm were cal-
culated using the data in Refs. 5 and 6 and a procedure described in Ref. 4 which
is based on the ILennard-Jones potential. The viscosity and thermal conductivity
at a pressure of 1000 atm were calculated from the data at 1 atm by applying the
pressure correction obtained by utilization of the Enskog theory for the viscosity
and thermal conductivities of dense gases (Ref. 7). The results of the studies of
the properties of the various coolant fluids are presented in Table I. It should be
noted that all data shown are for the pure gas with no correction for any deviation
from ideality (i.e., for a value of compressibility factor, Z , equals 1) or for
any dissociation which may occur at the temperature and pressure considered.

Since significant dissociation of some of the candidate coolants might occur
at the conditions described above, it appeared desirable to determine the extent to
which the materials might dissociate over the temperature range likely to be
encountered during the operation of nuclear rocket engines. Therefore, a series of
calculations were performed using an IBM computation procedure developed at the
UAC Research Laboratories and described in Ref. 1 to determine the equilibrium
composition of the dissociation products of hydrogen, methane, ammonia, and water
at a pressure of 1000 atm and temperatures ranging from 1800 to 10,000 R. All
calculations were made using the assumption that the dissociation products behaved
as ideal gases.

The calculations were made only for the materials cited above since it can be
assumed that the properties of deuterium and heavy water would parallel those of
hydrogen and water, and that helium would remaln chemically stable at the tempera-
tures considered. Only atomic and molecular products of dissociation were considered



in the calculations because electron and ion concentrations only become significant
at temperatures exceeding 10,000 R. The results of the calculations are shown in
Figs. 1 through k.

It can be seen from these figures that dissociation of hydrogen and water becomes
significant above 7000 R. On the other hand, appreciable dissocistion of methane
occurs at a temperature of only 2000 R and ammonia is almost entirely dissociated at
2000 R. Therefore, the properties of methane and ammonia should be substantially dif-
ferent from the estimated values shown in Table I.

It can also be seen from Fig. 2 that a large part of the carbon in methane would
exist as a solid at temperatures between approximately 3000 and 6500 R. This solid
carbon could very easily clog the coolant passages of a gaseous nuclear rocket. If
hydrogen were mixed with methane, this excess hydrogen would tend to shift the equi-
librium toward the formation of smaller amounts of solid carbon and, therefore, less
clogging of the coolant passages would occur. Additional calculations were made to
show the effect of carbon-to-hydrogen weight ratio on the equilibrium composition of
solid carbon. The results of these calculations are shown in Fig. 5, and they indi-
cate that no solid carbon, and thus no clogging of the coolant passages, would occur
at a temperature of L500 R for weight ratios of carbon to hydrogen less than approxi-
mately 0.73. This ratio corresponds to a mixture of 56.4 per cent methane and 43.6
per cent hydrogen by weight. Such a mixture would also prevent chemical attack on
graphite walls by hydrogen at a temperature of 4500 R, but would not prevent this
chemical attack at temperatures higher or lower than 4500 R.

The densities of hydrogen, methane, water, and ammonia are shown in Fig. 6 as a
function of temperature. Corresponding values of enthalpy (defined as the difference
between the total enthalpy of the products of dissociation at a gilven temperature and
the enthalpy of the propellant as a liquid) are shown in Fig. 7.

The ratio of the density and enthalpy of methane, water, and ammonia to those
of hydrogen are shown in Fig. 8. These ratios are important since they may serve to
determine the effect on performance of a nuclear rocket engine when either water,
methane, or ammonia is substituted in whole or in part for hydrogen. For instance,
the specific impulse attainable by the use of a given propellant is, in general, pro-
portional to the square root of the exhaust enthalpy of the propellant. For a solid-
core nuclear rocket operating at a fixed maximum temperature, the ratio of specific
impulse attainable using a given propellant to that attainable using hydrogen is pro-
portional to the square root of the ratio of the enthalpy of this propellant to that
of hydrogen at the same operating temperature. Such ratios are noted on the right-
hand ordinate of the plot shown in Fig. 8. The maximum enthalpy of the propellant
passing through the exhaust nozzle of a gaseous nuclear rocket can be shown (Ref. 3)
to be approximately ten times the enthalpy associated with the maximum wall tempera-
ture (assuming no space radiators). If this ratio is assumed to be the same for all
propellants and if the maximum temperature of the propellant injected into the



cavity of a gaseous nuclear rocket is the same as that for hydrogen, then the specific
impulse ratios shown in the right side of Fig. 8 also apply directly for gaseous
nuclear rocket engines. According to Fig. 5, a mixture of methane and hydrogen com-
prising 56.4 per cent methane by weight would prevent any clogging of coolant pas-
sages at 4500 R if such a mixture were used as a propellant. From Fig. 8, it can be
shown that this mixture would result in a specific impulse at 4500 R of approximately
82 per cent of that of pure hydrogen.

In order to determine the differences in the properties of hydrogen from those
of some other material at conditions which are likely to be encountered near the core
of a nuclear rocket, additional calculations were made to determine the equilibrium
composition and thermodynamic properties of water at temperatures up to 200,000 R and
for pressures of 100 and 1000 atm. The calculations were extended for water because
it is easily stored and is inexpensive and, for these reasons, might be attractive
for initial testing of a gaseous nuclear rocket engine. Also, the properties of
methane and ammonia appear to fall between those of hydrogen and water as seen in
Figs. 6 and 7, and, therefore, property calculations for both hydrogen and water for
very high temperatures and for various pressures would represent extremes of the capa-
bility of the four materials which might be utilized as working fluids in a gaseous
nuclear rocket engine.

The composition of water at the conditions stated above are shown in Figs. 9
and 10. It can be seen that singly ionized hydrogen and oxygen atoms and the result-
ing electrons become important at about 30,000 R and are the predominant species at
60,000 R. At higher temperatures, doubly-, triply-, and quadruply-ionized oxygen
atoms become important. In calculating the results, no provisions were made for the
change in ionization potential of the ionic species due to the presence of electrons.

The density and enthalpy of water at temperatures up to 200,000 R are shown in
Fig. 11. The nonlinear variation of enthalpy and density with temperature is due to
the dissociation and ionization of the various species as temperature is increased.
Also shown in Fig. 11 is the heat content per unit volume (product of enthalpy and
density) which is of interest in analyzing the rate of energy removal from a gaseous
nuclear rocket for a fixed convective velocity. The composition, density, and enthalpy
data presented in Figs. 9, 10, and 11 may be compared with the corresponding data for
hydrogen in Ref. 2.

The thermodynamic data (heat capacity, enthalpy, and entropy) for the individual
species considered in the calculation were obtained from various sources. Data for
the molecular and atomic species for the temperature range up to 6000 K (10,800 R)
were obtained from Ref. 8 and were extrapolated to the higher temperatures. Data for
atomic hydrogen and atomic oxygen for temperatures exceeding 10,800 R and for all
ionic species except the hydroxyl ion and electron were obtained from Ref. 9. Data
for electron gas were obtained from Ref. 10 and extrapolated to higher temperatures.
Heat capacity and entropy data for the hydroxyl ion were estimated from data for



the hydroxyl radical reported in Ref. 10. The enthalpy data for the hydroxyl ion
were calculated using a value of electron affinity obtained from Ref. 11. The
hydroxyl ion data were also extrapolated from 6000 K to the higher temperatures. Any
errors in thermodynamic data introduced by the extrapolations would probably have 1lit-
tle effect on the properties of the mixture as a whole since, in geneéral, the concen-
trations for those species for which data were extrapolated become insignificant in
the temperature range of the extrapolation.

Chemical Reactions Between Hydrogen
and Particle Seeds

Various studies have indicated that solid materials in the form of small par-
ticles may be used as propellant seeds in order to control radiant heat transfer in
gaseous nuclear rocket engines. The use of solid seeds is usually more desirable
than the use of gaseous seeds because the opacity of particles, even if they become
liquefied, is continuous over a wide part of the spectrum whereas the opacity of
gases exhibits windows at certaln wave lengths. Since it is desirable that the par-
ticles provide opacity to temperatures approaching 10,000 R, the temperature at which
the opacity of hydrogen itself becomes significant (Ref. 2), only those materials
with high boiling points were considered as possible seed candidates.

Particles which have been heated by thermal radiation cause heating of the sur-
rounding gas by laminar conduction of the heat to gaseous atoms located in the vicinity
of the particle. If the ratio of the thermal conductivity of the ges to the dif-
fusivity of the gas (Lewis number) is on the order of unity, which is the case for
most gases, then the diffusion of any vapor formed by the chemical interaction of the
particle material and the surrounding gas should occur as rapidly as the conduction
of heat from the particle to the surrounding gases. Therefore, it would appear un-
likely that non-equilibrium mixtures of reaction products would occur locally and it
can be assumed that the particle materials should be in thermodynamic equilibrium
with the surrounding gases. A series of calculations of equilibrium composition of
the products of reaction of various seed materials with hydrogen was performed and
the results of these calculations are discussed in the following subsections.

Graphite Particles

According to Ref. 12, graphite particles provide substantially greater opacity
per pound than particles made of other materials which have comparable boiling points.
However, as can be seen from Fig. 2, hydrogen will react with graphite to form vari-
ous hydrocarbons along with free hydrogen and carbon. For a given weight ratio of
carbon to hydrogen, the largest concentration of free carbon occurs at a temperature
of approximately 4500 R (see Fig. 5). TFig. 5 also shows that a weight ratio of car-
bon to hydrogen greater than 0.73 is required at 4500 R to permit any amount of free
carbon and that the amount of free carbon decreases very rapidly as temperature is
increased. Since it is desirable that seed materials have the capability of controlling



radiant heat transfer at temperatures up to 10,000 R, it appears that the use of
graphite particles as a seed is impractical because of the high carbon-to-hydrogen
weight ratios required to provide any amount of solid carbon at this temperature.

It can be seen from Figs. 3 and 4 that the dissociation of water and ammonia
leads to the presence of substantial gquantities of hydrogen at temperatures of the
order of TOOO to 10,000 R. It would be expected that this hydrogen would react with
any graphite seed particles in much the same manner as indicated in Figs. 2 and 5,
and, therefore, the use of graphite particles for controlling radiant heat transfer
in engines employing ammonia or water as working fluids also appears to be impractical.

Particles Made From Materials Other Than Graphite

Since the use of graphite as a seed material is impractical because it reacts
with hydrogen, a study was undertaken to predict the extent of equilibrium reaction
at various temperatures when selected alternate seed materials are added in small
amounts to a hydrogen propellant stream. Vapor pressure data from Ref. 13 indicated
that many metals have hizh normal boiling points and would be good candidates for
seed materials if their spectral absorption characteristics were good. Calculations
were performed using the vapor pressure data from Ref. 13 to determine the amount of
condensed metal which will be present in the temperature range 2000 R to 10,000 R if
2 per cent by weight of the material is added to hydrogen at a pressure of 1000 atm.
Vapor pressure data was all that was required to determine the state of the metal at
each temperature because a literature survey indicated that, although several of the
metals do absorb hydrogen to form complex hydrides, these hydrides would decompose
at the temperatures considered in this study, and, therefore, it may be assumed that
the metals considered will not react with hydrogen propellant in the temperature
range of interest. The results of the calculations are shown in Fig. 12.

A series of calculations was also performed to determine the equilibrium com-
position of the products of reaction of hydrogen with the oxides, nitrides, carbides,
and borides of titanium and zirconium. As in the case of the metals, it was assumed
that 2 per cent of the seed material was introduced into the hydrogen stream at a
pressure of 1000 atm. The results of the calculations indicated that TiC, TiN, TiB,,
and Ti02 were completely vaporized or dissoclated for the conditions described above
at temperatures of 6372, 6138, 6210, and 5040 R, respectively. If these vaporization
temperatures are compared with that obtained from Fig. 12 for titanium metal itself,
namely, 6120 R, it can be seen that the carbide, nitride, and boride offer slight
advantages over the parent metal itself. The results of the zirconium calculations
indicated that ZrC , ZrBp , ZrN , and Zr0, vaporized at temperatures of 6876, 5760,
6570, and 5472 R, respectively. All these temperatures are considerably lower than
the vaporization temperature of zirconium metal (7900 R) obtained from Fig. 12, and,
as a result, compounds of zirconium would offer only the advantage of a higher melting
temperature than zirconium.



If the trends shown by the vaporization data for the compounds of titanium and
zirconium are characteristic of the other high-melting-point metals, it would seem
that no significant improvement in the vaporization temperature of particle seeds
would be obtained by using the compounds rather than the elemental metal, and that
the use of the metals themselves should receive top priority in experimental evalua-
tions of the optical properties of seeded hydrogen streams. At the same time,
however, effort should be continued to obtaln improved values of the thermodynamic
properties (and particularly vaporization data) for carbides, nitrides, borides,
and oxides of the high-melting-point metals to provide a firm basis for continuing
evaluation of potential seed materials.
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TABLE I

Thermodynamic and Transport Properties of Possible

Gaseous Nuclear Rocket Moderator Coolant Fluids
at LOOO R and a Pressure of 1000 Atmospheres

Properties do not include effect of dissociation

Density | Specific Heat | Viscosity Thermal Conductivity
Fluid (LB) (BTU) (LB) (BTU) Prandtl No.
(FT3) (LB) (DEG R) (FT) (SEC) (FTE)(SEC)(DEG R/FT)

H, 0.6903 b.137 2“322 ;—1;75A7vr41;Auhh x 107 -5 6.66; )
D, 1.3793 2.159 3.197 1075 | uﬁ;#éﬂém;“igisﬂ-_" 0.667
H,0 | 6.1686 0.6981 5.006 x 1075 -“-;“;;ﬁ—; 1075 .0.689
D0 | 6.8577 o.Tlébug 5. 172 x71075 | 5 269 x io 5 0. 699
He 1.3706 1.2ullh“<ﬂAA5_i26 ;”iéﬁgvk 'mﬂioﬁba3 x 10”7 5‘ | 0. 635
cuy,” | 5.4930 136 | 3.555 x 10‘5 7.645 x 1075 0.669
NH3* 5.8317 1.0370 L, h95 x 10 5 #6 g;;*; 10 5 o.682m
%

Dissociation should substantially alter the properties of methane and ammonie and,
therefore, the values noted above should be used only as a first estimate (see

text and Figs.

tures where dissociation is not important.

10

2 and 3) or as a base for determining properties at lower tempera-




FIG. |

EFFECT OF TEMPERATURE ON THE COMPOSITION OF HYDROGEN
AT A PRESSURE OF 1000 ATM
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FIG. 2

EFFECT OF TEMPERATURE ON THE COMPOSITION OF METHANE
AT A PRESSURE OF |I000 ATM
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FiG. 3

EFFECT OF TEMPERATURE ON THE COMPOSITION OF AMMONIA
AT A PRESSURE OF 1000 ATM
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EFFECT OF TEMPERATURE ON THE
COMPOSITION OF WATER AT A PRESSURE OF 1000 ATM
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WEIGHT OF SOLID CARBON
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VARIATION OF SOLID CARBON CONCENTRATION
WITH PROPELLANT CARBON—-TO—HYDROGEN
WEIGHT RATIO

P = 1000 ATM

FIG. 5

0.6

i

H

-

E__

A

0.5 : : s

r T 1
THAC T |
AP 2 amm T
11
g b
H m
T 1
- Bh YN A
O 4 ) T a2 b 3
1 » TR 1
11
rt -
1 ] A ¥
TT
LT L £ o F i
ul H H I
1) - {4 ] 114 -
&k g & i \
0.3 H : = ma H
[F e I as . ) |
H :Hq jJ;{.f 1] :H a7 g8 ] H 3
SN JURNEEERAL NynES H L [ i I
™ - X ~
HH T
. H ; £ H H
- a oF f”F“ ﬂ o m x
[l 1T .I’,"*._“: ny I g 1] mi WL WA
0.2 FAros f T X1 a
! 1Tt - g 1 1)
i i bl
L H —‘—1[:1 %t 1
M ] T T 1 o ETRTY
} i N; 2 13
e’ NNE; @
" BE WNN NS Oy H
o gH H = Enan
= L an s} v} EEL)
m T Il
0.l H 1 H HHEH
- = =
Y u H
¥ [ | t ] TS TRT
11 v T \ UNE 5
-:: (11 T 1X1
a8 | N NEN N AN AEN S/AGRERERRE i
[l s » ] 1] ! .
1 HHHH H 1 H 2 YAEA
O " } & xL L 1 -y 1 . ¥ . N

1500 2500 3500 4500 5500
TEMPERATURE, T - DEG R

15



FLUID DENSITY, p - LB/FT3

FIG. 6

EFFECT OF TEMPERATURE ON DENSITY OF WORKING FLUIDS
AT A PRESSURE OF 1000 ATM

CALCULATIONS INCLUDE EFFECT OF DISSOCIATION
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FLUID ENTHALPY, H-BTU/LB

Fic. 7

EFFECT OF TEMPERATURE ON ENTHALPY OF WORKING FLUIDS
AT A PRESSURE OF 1000 ATM

CALCULATIONS INCLUDE EFFECT OF DISSOCIATION
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DENSITY OF SUBSTITUTE MATER!AL

ENTHALPY OF SUBSTITUTE MATERIAL

DENSITY OF HYDROGEN

ENTHALPY OF HYDROGEN
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EFFECT OF TEMPERATURE ON THE
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EFFECT OF TEMPERATURE ON ENTHALPY, DENSITY,
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CONCENTRATION OF CONDENSED METAL SEED PARTICLES

P = 1000 ATM
CONCENTRATION OF SEED MATERIAL = 2% BY WEIGHT OF HYDROGEN-SEED MIXTURE

NUMBER IN PARENTHESES INDICATES MELTING TEMPERATURE IN DEG R
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